Tanné D, Kadem L, Rieu R, Pibarot P. Hemodynamic impact of mitral prosthesis-patient mismatch on pulmonary hypertension: an in silico study . J Appl Physiol 295: 1916 -1926 , 2008 . First published August 21, 2008 doi:10.1152/japplphysiol.90572.2008.-Recent clinical studies reported that prosthesis-patient mismatch (PPM) becomes clinically relevant when the effective orifice area (EOA) indexed by the body surface area (iEOA) is Ͻ1.2-1.25 cm 2 /m 2 . To examine the effect of PPM on transmitral pressure gradient and left atrial (LA) and pulmonary arterial (PA) pressures and to validate the PPM cutoff values, we used a lumped model to compute instantaneous pressures, volumes, and flows into the left-sided heart and the pulmonary and systemic circulations. We simulated hemodynamic conditions at low cardiac output, at rest, and at three levels of exercise. The iEOA was varied from 0.44 to 1.67 cm 2 /m 2 . We normalized the mean pressure gradient by the square of mean mitral flow indexed by the body surface area to determine at which cutoff values of iEOA the impact of PPM becomes hemodynamically significant. In vivo data were used to validate the numerical study, which shows that small values of iEOA (severe PPM) induce high PA pressure (residual PA hypertension) and contribute to its nonnormalization following a valve replacement, providing a justification for implementation of operative strategies to prevent PPM. Furthermore, we emphasize the major impact of pulmonary resistance and compliance on PA pressure. The model suggests also that the cutoff iEOA that should be used to define PPM at rest in the mitral position is ϳ1.16 cm 2 /m 2 . At higher levels of exercise, the threshold for iEOA is rather close to 1.5 cm 2 /m 2 . Severe PPM should be considered when iEOA is Ͻ0.94 cm 2 /m 2 at rest. heart valve; mitral flow; lumped model; pulmonary resistance; effective orifice area IN PATIENTS WITH SEVERE MITRAL valve disease, it is generally well accepted that it is preferable to repair, rather than replace, the valve. Indeed, mitral valve replacement (MVR) has higher short-and long-term mortality than aortic valve replacement or mitral valve repair (9). Unfortunately, in a substantial proportion of patients, the valve cannot be repaired and, thus, needs to be replaced by a prosthetic valve. The suboptimal results of MVR underline the importance of identifying and, whenever possible, preventing prosthesis-and patient-related factors associated with negative hemodynamic and clinical outcomes. Prosthesis-patient mismatch (PPM) occurs when the effective orifice area (EOA) of the prosthesis is too small relative to the patient's body size, resulting in an abnormally high postoperative pressure gradient. The parameter that is generally used to identify PPM is, thus, the EOA of the prosthesis indexed for the patient's body surface area (BSA) (6, 7, 27) . The rationale behind the normalization of EOA for BSA is to account for cardiac output (CO) requirements, since transvalvular pressure gradients are essentially determined by EOA and transvalvular flow, which in turn are largely determined by body size.
heart valve; mitral flow; lumped model; pulmonary resistance; effective orifice area IN PATIENTS WITH SEVERE MITRAL valve disease, it is generally well accepted that it is preferable to repair, rather than replace, the valve. Indeed, mitral valve replacement (MVR) has higher short-and long-term mortality than aortic valve replacement or mitral valve repair (9) . Unfortunately, in a substantial proportion of patients, the valve cannot be repaired and, thus, needs to be replaced by a prosthetic valve. The suboptimal results of MVR underline the importance of identifying and, whenever possible, preventing prosthesis-and patient-related factors associated with negative hemodynamic and clinical outcomes.
Prosthesis-patient mismatch (PPM) occurs when the effective orifice area (EOA) of the prosthesis is too small relative to the patient's body size, resulting in an abnormally high postoperative pressure gradient. The parameter that is generally used to identify PPM is, thus, the EOA of the prosthesis indexed for the patient's body surface area (BSA) (6, 7, 27) . The rationale behind the normalization of EOA for BSA is to account for cardiac output (CO) requirements, since transvalvular pressure gradients are essentially determined by EOA and transvalvular flow, which in turn are largely determined by body size.
In the mitral position, PPM can be equated to residual mitral stenosis (MS) with similar consequences, i.e., the persistence of abnormally high mitral pressure gradients and increased left atrial (LA) and pulmonary arterial (PA) pressures (19) . In turn, PA hypertension may cause right-sided failure, and the persistence of high LA pressures may predispose to atrial fibrillation (23) .
In contrast to aortic PPM, the hemodynamic and clinical impact of PPM after MVR has been relatively unexplored (7, 8, 29) . In particular, the cutoff values that should be used to identify mitral PPM and quantify its severity are controversial. In the early 1990s, Dumesnil et al. (7, 8) demonstrated a relationship between indexed EOA (iEOA) and the transvalvular pressure gradient in normally functioning prostheses implanted in the mitral position. They suggested that mitral PPM occurs when iEOA is Ͻ1.3-1.5 cm 2 /m 2 . Two recent clinical studies (16, 21) in a large series of patients reported that PPM, defined as iEOA Ͻ1.2-1.25 cm 2 /m 2 , is associated with less regression of PA hypertension, less freedom from heart failure, and reduced survival. One of these studies (21) also showed that the impact of PPM on postoperative mortality becomes significant when iEOA is Յ0.9 cm 2 /m 2 . This level of iEOA was referred to as severe mitral PPM.
The effect of PPM on PA pressure is also not completely known. Although PPM is associated with a high mitral pressure gradient, the parameters that determine the passive elevation of PA pressure are relatively unexplored. Recently, in a retrospective study of 53 patients who underwent MVR, we observed a good correlation between iEOA and systolic PA pressure (19) . Moreover, the patients generally had persistent PA hypertension when iEOA was Յ1.2 cm 2 /m 2 , suggesting a significant impact of PPM on PA pressure.
Lumped models are widely used in the cardiovascular domain. They are not time consuming, and they allow prediction of physiological and pathological pressure, volume, and flow waveforms. Whereas some models are closed loops (20, 32, 35) to study, for instance, the left ventricular (LV)-right ven-tricular interaction, others deal with a specific cardiac compartment. Garcia et al. (13) developed a ventricular vascular coupling model to study aortic stenosis implications. Sun et al. (33) explored the mitral and pulmonary venous flow patterns according to age and decreased LV contractility, and their findings fitted well with Doppler-echocardiographic measurements. Recently, two studies attempted to define time dependence of the area in the mitral valve model. Szabo et al. (34) used a second-order forced oscillatory differential equation to derive instantaneous valve area. Korakianitis and Shi (15) , using the leaflet inertial moment of rotating and external forces, especially including the vortex effect on the leaflet rotation, computed the angular position of the leaflets of a mechanical prosthesis.
With use of such lumped models, the objective of this numerical study is to examine the effect of mitral iEOA, which is inversely related to the degree of PPM, on transmitral pressure gradient and LA and PA pressures. We used data from a previous clinical study (19) to validate our numerical model. We sought to explain the relationship between iEOA and LA and PA pressures and to determine the most appropriate cutoff iEOA values for identification of moderate and severe PPM in the mitral position on the basis of fluid mechanics considerations. 
Glossary

MVR
METHODS
Given the purpose of the present study, we elected to simulate only the left-sided heart and the pulmonary and systemic circulations. The models of the LV, the aortic valve, and the systemic circulation are required for computation of the LV systolic pressure, although they are not under consideration here.
Eleven state variables (P pa, Ppvc, Pao, Psvc, Qpc, Qpv, Qmv, Qav, Qsc, Vla, and Vlv) were computed step-by-step, with their first derivatives used to lead to instantaneous variations in flows, pressures, and volumes. A schematic of the lumped model is presented in Fig. 1 .
The APPENDIX relates in detail the output condition and the models describing the aortic valve, the LV and LA volumes and pressures, and the pulmonary and systemic circulations.
Input condition. The model was excited by the pulmonary valve flow [Q puv(t)], i.e., the flow ejected by the right ventricle. The shape of Qpuv(t) was simplified to an end-ejection time duration (tee) and peak pulmonary flow (Q puv) amplitude rectified sine function. The relationship between mean pulmonary flow (Q puv) and Q puv was therefore
Mitral valve. The valves were assumed to be prosthetic valves fully open or fully closed according to the sign of the corresponding pressure gradient. Opening and closing kinetics were not taken into consideration in the present study, and the EOAs were assumed to be time independent. The model and size of the prosthesis were ignored, inasmuch as we characterized the valves only by their EOA.
For an unsteady incompressible inviscid flow (where viscous effects are ignored) with a constant and uniform density (, in g/ml), the instantaneous maximal pressure drop across the mitral valve [⌬p mv(t), in mmHg], named "gradient" in clinical practice, which is the pressure difference between the LA and the vena contracta (VC) of the jet flow downstream of the valve, was described when the mitral valve was opened by the unsteady Bernoulli's law
where the velocity in the LA is neglected compared with the velocity in the VC, Qmv(t) is the instantaneous mitral valve flow, and Mmv is the inertance as defined by Flachskampf et al. (11) . However, LV pressure does not equal mitral VC pressure because of the pressure recovery phenomenon. Nonetheless, we neglected this pressure recovery component in the present study, because, as opposed to the aortic valve configuration, it is negligible in the mitral valve configuration because of the presence of a much larger chamber (LV vs. aorta) downstream of the valve (38) . Moreover, to be clinically relevant, our PPM cutoff values must be derived from Doppler gradients, which correspond to maximal pressure gradients, and not to net mitral pressure gradients.
Parameters used in the simulations. The set of nonlinear coupled differential equations was solved step-by-step (0.2-ms-time step) by a four-order Runge-Kutta method. We iterated the calculations using the final values of the actual cycle as new initial conditions for the next period until two consecutive cycles became periodic; i.e., the root-mean-square error of each state variable did not exceed a precision of 0.01%. Table 1 shows the parameters that are held fixed for the present study. The values are determined according to the work of Sun et al. (33) or the achievement of physiological pressure, volume, and flow waveforms at rest.
An input rectified sine function for Q puv(t) and Eq. 1 allowed us to directly control the stroke volume (SV) by Q puv as follows
where tee is the systolic ejection time. Defining a desired diastolic filling time (DFT) according to heart rate (HR) from Lespeschkin (17), one can define tee as tr Ϫ DFT, where tr is the cardiac period. Mean transmitral flow (Q mv) was therefore
CO was also determined by Q puv CO ϭ SV ⅐ HR 1,000 ϭ t ee HR 500 Q puv (5) Finally, defining the normal cardiac index (CI), which reflects the normal CO requirements according to HR, we can deduce the simulated BSA by dividing CO by CI BSA ϭ t ee HR 500CI Q puv (6) From Eq. 2, the two main parameters that determine the mean and the peak pressure difference (inertial term null) are the EOA and the mitral root-mean-square flow (Q mv). Inasmuch as our objective was to determine the relationship between pressure gradients and iEOA, it was necessary to hold Q mv constant during the computation to inhibit confounding effects. In a first approximation, we held constant Q mv, instead of Q mv. The consequences of this choice are described in RESULTS. For a fixed HR, this approximation is equivalent to a constant SV (Eq. 3) or a constant CO (Eq. 5). Then, to vary iEOA, we could change EOA or BSA. However, we chose to keep BSA fixed, because, as opposed to EOA, the only way to vary BSA at fixed HR was a proportional variation in Q puv (Eq. 6). According to Eq. 4, this implied nonrequired variations in Q mv.
Therefore, we simulated a patient (fixed BSA ϭ 1.8 m 2 ) at rest (HR ϭ 70 beats/min, Q mv ϭ 163 ml/s) and at three levels of exercise [HR ϭ 90 beats/min, Q mv ϭ 234 ml/s (mild); HR ϭ 110 beats/min, Q mv ϭ 316 ml/s (moderate); HR ϭ 130 beats/min, Q mv ϭ 398 ml/s (strenuous)]. For each level of HR, we varied the mitral valve EOA (range 0.8 -3.0 cm 2 , 0.1-cm 2 step), resulting in iEOA variations from 0.44 to 1.67 cm 2 /m 2 . An additional simulation (iEOA ϭ 0.28 -1.33 cm 2 /m 2 ) was carried out to account for patients in a low-CO state (HR ϭ 50 beats/min, Q mv ϭ 103 ml/s). Table 2 shows the simulated parameters. In the aortic position, no PPM existed, since aortic iEOA Measurements on the simulated data. Several clinical indexes can be derived from the simulated instantaneous pressures, volumes, and flows. Timing of mitral valve opening (T mvo) and timing of mitral valve closure (Tmvf) corresponding to the gradient inversion were used to measure the simulated DFT. SV was calculated as the difference between LV end-diastolic volume (Vlv ed ) and LV endsystolic volume (Vlv es ). The resulting CO was the ratio of SV to the simulated DFT. ⌬p mv , P la, P lv, and Q mv were the averages of each variable only over the simulated DFT, whereas P pa is the average over the entire period. Ppa was the peak value of the PA pressure.
In vivo validation. We used previously published in vivo data from our laboratory (19) to validate our numerical model. In our previous study, 56 patients (65 Ϯ 12 yr old) were evaluated by Doppler echocardiography at the Quebec Heart Institute. Mitral valve EOA was determined by the continuity equation. Peak and mean mitral valve gradients were derived from the simplified Bernoulli's equation. Inasmuch as the mean gradient was calculated from the instantaneous mitral flow velocity (in m/s) at the VC obtained by the Doppler-echocardiographic system and with the assumption that, as the first approximation, EOA did not depend on time, Q mv (in ml/s) can be estimated as
The echocardiographic mean mitral flow (Q mv) was calculated as
where DLVOT and VTILVOT are the diameter of the LV outflow tract (LVOT), which was assumed to be circular, and the velocity-time integral of the flow in the LVOT, respectively. Sensitivity analysis. The sensitivity of the model to some critical parameters was also examined. We studied the change in Q mv, the ratio Q mv/Q mv, ⌬p mv , ⌬ pmv, P la, P lv, P pa, and P pa according to left cardiac cavity contractility (Elv ed , Elv es , Ela ed , and Ela es ), pulmonary resistance (Rpc and Rpv) and compliance (Cpa and Cpvc), systemic resistance (Rsc and Rsv) and compliance (Cao and Csvc), CO (Q puv with Eq. 5), mitral inertance (Mmv), and aortic and mitral EOA (EOAav and EOAmv). Each of these parameters was varied between ϩ25% and Ϫ25% of its reference value listed in Table 1 moderate mismatch cutoff values we found in RESULTS, were set as reference. For the resistances and compliances, the two parameters were varied simultaneously.
RESULTS
Typical volume, pressure, and flow waveforms at rest are displayed in Fig. 2 . The model provides realistic patterns for all the state variables.
Influence of iEOA on mitral gradient. Mean and peak mitral pressure gradient values are depicted in Fig. 3, A and B . Theoretically, the inertial term becomes null, if we take the diastolic average or the peak instant of Eq. 2, so that the pressure gradients depend only on EOA and Q mv . Figure 3 is therefore a simple representation of Eq. 2: the pressure gradients increase as EOA decreases and Q mv increases.
Correlation between Q mv and Q mv . To explore the a priori unknown relationship between Q mv and Q mv , we have plotted in Fig. 4 the results for three HRs (50, 70, and 90 beats/min).
First, Q mv does not remain constant at fixed HR, in contrast to the prediction from Eq. 4. This can be explained by the fact that simulated DFT changes according to iEOA, independently of HR. Figure 5 shows the mitral flow pattern at rest for three different mitral EOA values. When EOA decreases, not only is the amplitude of E and A waves reduced, but DFT increases as well. Indeed, mitral opening and closing times are entirely due to the sign of the pressure gradient, which is not fixed in these simulations but is controlled by Eq. 2. Inasmuch as SV is fixed by Eq. 3, Q mv decreases.
The shapes of the three Q mv -Q mv curves constructed at three different HRs are similar and can be divided into two portions: the first portion (upper part of the curves) shows a quasiconstant Q mv while Q mv increases progressively. This portion corresponds to the simulated data for large iEOAs, where the Tables 1 and 2 . Mitral effective orifice area (EOA) was set to 4 cm 2 . . These large fluctuations and amplitudes of Q mv (t) are therefore responsible for the differences between Q mv and Q mv .
On the contrary, the lower parts of the curves exhibit an asymptotic linear behavior, which is characteristic of a highly restrictive orifice (i.e., low iEOA), where the amplitudes of Eand A-flow waves are smaller and the E-flow wave deceleration time is much longer than for large iEOAs ( Fig. 5 ; EOA ϭ 0.8 cm 2 ). A linear regression without intercept between the last points of the three curves (Fig. 4) gives the following relation: R 2 ϭ 0.99, which is different from the identity line
To corroborate these results, we have plotted in Fig. 4 the relationship between Q mv and Q mv , which are calculated using Eqs. 7 and 8, respectively, from previously published in vivo data. No in vivo data points fall below the simulated regression line (Eq. 9), thus supporting the notion that there is a baseline relationship between Q mv and Q mv . For a fixed Q mv , Q mv cannot be smaller than the value predicted by Eq. 9, but it can nonetheless be higher, depending on the shape of the mitral flow. When iEOA increases and, thus, the biphasic pattern of mitral flow becomes more pronounced, Q mv increases to a greater extent than does Q mv .
In the clinical setting, factors other than the EOA influence the relationship between Q mv and Q mv (see Sensitivity analysis; see Fig. 8 ), which explains the variation of the in vivo data. This variation is attenuated for the simulated data because of the use of fixed parameters ( Table 1 ). The baseline relationship (Eq. 9) cannot therefore be representative of daily clinical observations. Consequently, we have considered that a regression analysis of the in vivo data better represents the average relationship between Q mv and Q mv for a standard cohort for mean mitral flow of 80 -240 ml/s. The linear regression without intercept (Fig. 4) 
Nonetheless, we chose to use mean flow, because, in contrast to the root-mean-square flow, it is largely used in the clinical setting, and it can be easily and accurately measured by Doppler echocardiography. If we define ␣ as the ratio Q mv / Q mv , the normalized pressure gradient (K) is equal to Figure 6 shows the simulated normalized pressure gradients at low CO, at rest, and at the three levels of exercise. The five curves are superimposed because of the normalization. Indeed, for the simulated data, ␣ is ϳ1 for the five HRs (mean ϭ 1.036, standard deviation ϭ 0.042) leading to
In Fig. 6 , we also plotted the individual data points of the normalized mean pressure gradient for the 56 patients. The normalized in vivo pressure gradient values are higher than the simulated values. This discrepancy is due to the shift between the simulated Eq. 9 and in vivo Eq. 10 root-mean-square flows. For in vivo data, the range of ␣ is 1.038 -1.362, which is much higher than for the simulated data. Therefore, for the in vivo normalized pressure gradient, Eqs. 10 and 12 give (14) Similarly to the relationship between Q mv and Q mv , Eq. 14 is (Fig. 6) , suggesting that the prosthesis iEOA should not be Ͻ1.5 cm 2 /m 2 for an athlete patient.
Impact of PPM on LA and PA pressures. To further explore the hemodynamic impact of PPM defined from the abovementioned cutoff values, we have plotted the curves of mean LA pressure and mean and systolic PA pressures as a function of iEOA (Fig. 7) . The shape of these curves is very similar to the shape of the curves in Fig. 3 , except they are shifted toward higher pressure values, in agreement with a passive elevation of PA pressure following an increase in the mitral pressure gradient. According to these simulated curves, P la would be Ͼ9 mmHg and 10.5 mmHg (ϩ17%) for moderate and severe PPM at rest, respectively. For moderate PPM, P pa is Ͼ30 and 41 mmHg (ϩ36%) and P pa is Ͼ44 and 55 mmHg (ϩ25%) at rest and during mild exercise, respectively (Fig. 7) . For severe PPM, the values were 31 and 44 mmHg (ϩ42%) for P pa and 45 and 58 mmHg (ϩ29%) for P pa at rest and during mild exercise, respectively.
Sensitivity analysis. The two main parameters that influence PA pressure are CO and pulmonary vascular resistance (R VP ϭ R pc ϩ R pv ). Indeed, even if mitral iEOA is sufficiently high to avoid PPM, an increased R VP associated with significant CO is equivalent to a flow obstruction inside the pulmonary circulation and, consequently, an increase in PA pressure with no impact on LA and LV hemodynamics (Fig. 8) . Pulmonary compliance also plays an important role, but only on systolic PA pressure, similar to the well-known impact of systemic compliance on aortic pulse pressure. As opposed to LA contractility, which slightly affects LA and PA pressures, an increase of LV end-systolic and end-diastolic elastance values, respectively, decreases and increases mean LV pressure. These variations are echoed directly in LA and PA pressures. Furthermore, when systemic resistance is augmented, not only systolic, but also diastolic, LV pressure increases, which in turn induces an elevation of PA pressure (Fig. 8) . However, these results should be interpreted with caution, given that our model does not account for the right heart and control mechanisms, such as the systemic venous compliance, which may act as a buffer. In addition, it does not account for LV diastolic dysfunction, which is frequently associated with hypertensive cardiopathy and may contribute to the development of pulmonary hypertension (10) . There is no significant effect of mitral inertance, systemic compliance, aortic valve EOA, and LA end-systolic and end-diastolic elastances. Fig. 3 clearly demonstrate that the mean transmitral pressure gradient increases nonlinearly with mitral valve EOA. From their in vitro study of the relationship in the aortic and mitral positions, Dumesnil and Yoganathan (8) concluded that a small iEOA is associated with an elevated valve pressure gradient, and they suggested that iEOA should ideally not be Ͻ1.3-1.5 cm 2 /m 2 in the mitral position. Nevertheless, their diastolic filling period was too short for a normal resting HR and CO. A diastolic filling period of 450 -500 ms, which we used in the present study, would have been preferable to 300 ms in their study. This might explain the higher mitral gradients in their study than those simulated in the present study.
DISCUSSION
Equation 2 and
In contrast to aortic flow, which can be basically compared with a sine function during the systolic phase, mitral valve flow includes two preponderant waves: the E wave at the beginning of diastole, corresponding to the LV rapid filling, and the A wave, corresponding to the LA end-diastolic contraction. Between these two waves, the flow decreases and is highly patient dependent. This phase, called diastasis, depends on HR (diastasis duration decreases, while HR increases) and on mitral valve EOA (when EOA decreases, amplitudes of E-and A-flow waves decrease and E-wave deceleration time increases). These differences in flow patterns cause large discrepancies (Fig. 4) between the mean flow and the root-meansquare flow, which is much more sensitive to flow variations and amplitudes than the mean flow rate. Using these simulations, we demonstrated a baseline relationship, different from the identity line, between these two flows. Only some patients with high restrictive mitral flow pattern, mainly due to low EOA or high CO, exhibit this baseline relationship. The difference between Q mv and Q mv is more important for the rest of the cohort and could explain some discrepancies between catheterization-and Doppler-derived gradient. Further studies are needed to confirm this hypothesis.
Besides the direct impact on transmitral pressure gradients and LA and PA pressures, PPM may also have an indirect impact on pulmonary vascular resistance (R VP ). The chronic exposure to elevated PA pressure induces structural modifications of the pulmonary vasculature (hypertrophy of the arterial wall and reduction of the lumen), which in turn contribute to the increase in R VP . The augmentation of R VP further contributes to the increase in PA pressure (Fig. 8) , thus initiating a vicious cycle. Hence, patients with mitral stenosis or mitral PPM often have increased R VP . For this reason, in the present study, we used a constant R VP (R pc ϩ R pv ) of 0.212 mmHg⅐ml Ϫ1 ⅐s (3.5 woods), whereas the normal value for a healthy subject is ϳ1 wood. In clinical practice, pulmonary hypertension is considered to be present at P pa Ն25 mmHg or P pa Ն40 mmHg at rest and P pa Ն50 mmHg during exercise (24) . Moderate pulmonary hypertension is defined as P pa Ն50 mmHg at rest and P pa Ն60 mmHg during exercise and severe pulmonary hypertension as P pa Ն60 mmHg at rest (2) . Therefore, with R VP of 0.212 mmHg⅐ml Ϫ1 ⅐s, we have simulated a patient with moderate PA hypertension.
Although the main goal of MVR is to improve valvular hemodynamics and normalize PA pressure, the results of the present study suggest that impairment of the pulmonary vas- culature may have an important impact on PA pressure that may outweigh the impact of PPM in some situations. According to Fig. 8 , the decrease in PA pressure, i.e., the postoperative regression of pulmonary hypertension, may be hindered by the following factors: 1) increased R VP and reduced pulmonary compliance due to advanced pulmonary vascular remodeling (12, 18, 22, 26, 37) , 2) postoperative increase in CO due to the normalization of the valvular flow dynamics (5, 39), and 3) PPM. By maintaining relatively high levels of LA and PA pressures after operation, PPM might interfere with the reversibility of the structural and functional alterations of the pulmonary vasculature and initiates a vicious cycle (27) .
The results of the present study also emphasize that, beyond PA pressure, it is important to measure and follow R VP and PA compliance in clinical practice. Indeed, in patients with advanced mitral valve disease, CO may progressively decrease with time, which may, in turn, cause a "pseudonormalization" of PA pressure. Hence, the consideration of PA pressure alone may underestimate the severity of structural and functional impairment of the pulmonary vessels. This is an important limitation, given that, in patients with long-standing disease, potentially irreversible structural changes may occur in the pulmonary vasculature (4, 25) . Several methods have been proposed for noninvasive estimation of R VP by Doppler echocardiography (1, 31) , and these methods are easily applicable in routine practice. PA compliance can be measured by catheter and is a powerful predictor of outcome in patients with pulmonary hypertension (22) . However, this hemodynamic parameter is difficult to estimate by noninvasive methods. In patients with severe mitral valve disease, early operation should eventually be considered in the event of markedly increased R VP or reduced PA compliance, even if the patient is asymptomatic and/or has a P pa Ͻ50 mmHg. If MVR is performed in these patients, the surgeon should take care to avoid PPM to optimize the normalization of R VP and PA pressure.
Mitral PPM is actually not a new concept. In the first report on mitral PPM published in 1981, Rahimtoola (29) described a patient who remained symptomatic and had persistent PA hypertension and progressive right-sided failure following successful MVR. The only explanation for the persistence of PA hypertension in this patient was a high residual transprosthetic pressure gradient due to PPM, despite a normal functioning prosthesis. Magne et al. (21) ), but it should be emphasized that they used the geometric orifice area calculated from the internal diameter of the prosthesis or the EOA measured by the pressure half-time method to estimate the EOA of the prosthesis in a substantial proportion of the patients in their series. It has been shown that both methods may overestimate the actual EOA, which may explain why the threshold value selected in their study was somewhat higher than that determined in the present study.
Magne et al. (21) showed that only severe PPM is associated with higher mortality. Indeed, according to Fig. 7 , the mean and systolic PA pressures are quasi-constant until the iEOA falls below the cutoff value defining severe PPM. Only very small iEOA (severe PPM) affects the PA pressure, giving a possible explanation of the conclusion of Magne et al.
Hence, two studies from a large series (n Ͼ 800) of patients published by two independent groups of investigators (16, 21) demonstrated that PPM is frequent after MVR and that it has a significant effect on postoperative regression of PA hypertension, occurrence of heart failure, and survival. Previous studies (7, 8, 19) also demonstrated that the impact of PPM on hemodynamic outcome (i.e., transvalvular gradients and regression of PA hypertension) becomes clinically relevant when iEOA is Ͻ1.2-1.3 cm 2 /m 2 , whereas the impact on survival becomes significant when iEOA is Ͻ0.9 cm 2 /m 2 (16, 21) . Hence, the results obtained in these previous in vivo studies (7, 8, 16, 19, 21) are highly consistent with the results of the present numerical study. In contrast to these results, Totaro and Argano (36) reported that PPM is rare and has no or minimal impact on hemodynamic and clinical outcomes following MVR. This study was, however, based on a small number of patients and had several important limitations that were described in detail in a letter to the editor (28) .
Limitations of the study. Our model accurately reproduces the transmitral flow patterns as observed in patients with small iEOAs and short diastasis. However, in patients with longer diastasis and larger iEOAs, the net pressure gradient may become quasi-null and lead to a reduced flow. Therefore, a partial closing of the mitral valve may occur during diastasis and may decrease the instantaneous EOA. In our model, this phenomenon cannot occur, given that the iEOA is fixed throughout diastole. As a consequence, when we simulate patients with long diastasis and a large iEOA, an inversion of the net pressure gradient induces the total closure of the valve during diastasis, which is generally not observed in vivo. This is the main determinant limiting high values of the ratio ␣ (root-mean-square flow Ϭ mean flow). Further improvement of our model is thus necessary to provide more realistic mitral valve hemodynamics in the context of large iEOAs. This could be achieved by integrating into the model the time-dependent variation of the mitral EOA and the opening/closing kinetics of the leaflets.
Furthermore, we have simulated five sets of parameters ( Table 1 ) that do not necessarily represent the situation of all the patients in the cohort. With the parameters listed in Table  1 , the ratio ␣ is 1.036 for the lower part of each simulated curve (Fig. 4) and increases up to 1.116 (at 50 beats/min), whereas the range for the cohort is 1.038 -1.362. According to the sensitivity analysis, ␣ changes not only with iEOA, but also with LA and LV elastances and the properties of the systemic circulation, which therefore could also explain this discrepancy. We thus elected to use ␣ of 1.159 for a better estimation of the PPM thresholds.
This limitation, however, does not affect the results and conclusion of the present study, given that the impact of PPM becomes hemodynamically relevant at lower iEOA values and the performance of our model is good over this range of iEOA values.
Conclusion. This numerical study demonstrates the complex relationship between the mean and root-mean-square mitral flows because of the biphasic mitral flow pattern. The simulations suggest that the cutoff iEOA at which the impact of mitral PPM becomes hemodynamically significant is Ͻ1.16 cm 2 /m 2 . The cutoff iEOA identified in the present study for severe PPM is Ͻ0.94 cm 2 /m 2 . The results of the present study also suggest that, in athlete patients, the objective should, rather, be to provide an iEOA Ն1.5 cm 2 /m 2 . We emphasize the impact of PPM on LA and PA pressures. The normalization of these pressures following MVR is influenced by the complex interaction between flow rate, PPM, and pulmonary resistance and compliance. Given that PPM is the only factor that is preventable at the time of operation, an effort should be made to apply prospective strategy at the time of operation to avoid PPM or reduce its severity.
APPENDIX
Output condition. The output condition was the central venous pressure P cv 0 , which was assumed to be constant throughout the entire cardiac cycle and equal to 4 mmHg.
Aortic valve. In the aortic position, we used the net pressure gradient defined by Garcia et al. (14) to relate the LV and aortic pressures, including the pressure recovery
where EOAav and Aao are constant, EOAav ϭ 1.7 cm 2 , and Aao ϭ 5 cm 2 , modeling normal aortic valve prosthesis and aorta (14) . Transvalvular flows were then computed from their first derivative as the difference between the pressure gradient and Bernoulli's convective term.
LV and LA volumes and pressures. Using the conservation of mass principle, we can determine cardiac chamber volumes, i.e., LV (V lv) and LA (Vla), by dV la ͑t͒ dt ϭ Q pv ͑t͒ Ϫ Q mv ͑t͒ and dV lv ͑t͒ dt ϭ Q mv ͑t͒ Ϫ Q av ͑t͒ LV pressure was calculated from the time-varying elastance [Elv(t)], defined as the instantaneous ratio Plv(t)/[Vlv(t) Ϫ Vlv 0 ], where Vlv 0 is the unstressed LV volume and considered constant throughout the entire cardiac cycle. Some authors (15, 33) developed cosine or exponential equations for E lv(t). In 1996, Sensaki et al. (30) described the normalized elastance curves [EN(tN)], defined as EN(tN) ϭ Elv(t/ tmax)/Elv max , where Elv max is maximal Elv(t) at tmax. They found that Elv max ϭ Elv es , where Elv es is end-systolic or maximal LV elastance and that these curves were surprisingly similar between a wide range of healthy subjects and ill patients, particularly during early contraction. However, the LV relaxation was more patient dependent (30) . Consequently, we modified the normalized function during the relaxation as Pulmonary and systemic circulatory systems. The pulmonary and systemic circulations were modeled as two consecutive four-element windkessel schemes. On one hand, the pulmonary system was divided into pulmonary artery (pa) and mixed capillary-vein (pvc) compliances and into the capillary (pc) and vein (pv) resistances. On the other hand, the systemic circulation consisted of the aorta (ao) and mixed capillary-vein (svc) compliances and the capillary (sc) and vein (sv) resistances.
The time-constant compliance for any chamber (C 
